ABSTRACT: Water dynamics in the solvation shell of solutes plays a very important role in the interaction of biomolecules and in chemical reaction dynamics. However, a selective spectroscopic study of the solvation shell is difficult because of the interference of the solute dynamics. Here we report on the observation of heavily slowed down water dynamics in the solvation shell of different solutes by measuring the low-frequency spectrum of solvation water, free from the contribution of the solute. A slowdown factor of ∼50 is observed even for relatively low concentrations of the solute. We go on to show that the effect can be generalized to different solutes including proteins. S olvation of molecules, in particular by water, is of great importance for the understanding of (bio)chemical reactivity and the determination of solubilities and biological interactions vital to living organisms.
S olvation of molecules, in particular by water, is of great importance for the understanding of (bio)chemical reactivity and the determination of solubilities and biological interactions vital to living organisms. 1 For example, in the case of DNA and proteins, the hydration layer is essential in determining conformation and function. 2 The wide range in the relaxation times of water in the solvation shell predicted by theoretical modeling was only recently experimentally observed in DNA. 3, 4 However, no experimental technique has yet allowed a detailed description of the distribution of relaxation time scales.
The diffusive orientational and translational motions of liquid water, as well as the hydrogen-bond bend and stretch modes, are in the gigahertz to terahertz frequency range and have been widely studied using dielectric relaxation spectroscopy, 5−7 farinfrared and terahertz time-domain spectroscopy (THz-TDS), 8 and Raman and optical Kerr-effect techniques. 9−11 On adding solutes, the dynamics of water in the solvation shell is expected to change to a greater or lesser extent, giving rise to changes in the low-frequency spectrum. However, diffusive and librational motions of the solute itself tend to mask these changes considerably. 12−14 We have applied the technique of ultrafast optical Kerr-effect (OKE) spectroscopy, which measures the depolarized Raman spectrum using a time-domain technique. 15 The OKE setup and data analysis are discussed in detail in the Supporting Information (SI). OKE measures the correlation function of the anisotropic polarizability tensor and is therefore sensitive to reorientational molecular motions. 16 Thus this provides an opportunity to "switch-off" signals by using appropriately chosen solutes or solvents to isolate certain physical effects. For example, we have used this idea in studying noble-gas liquids 17 in which the OKE signal can only come from collision-induced effects. It was also applied in concentrated aqueous solutions of simple inorganic salts 11, 18 where high concentrations were shown to have a considerable effect on the liquid dynamics.
Here we study the dynamics of solvation water in the solvation sphere of organic and biological solutes by using solutes that are (for various reasons) "invisible" in the relevant frequency range. This allows us to subtract off the bulk water spectrum to yield the gigahertz to terahertz spectrum of pure solvation water for the first time.
Water Spectrum. The bulk water spectrum in the gigahertz− terahertz frequency range has three main peaks. 3, 9, 10, 19, 20 Relatively sharp peaks at 1.1 and 4.5 THz correspond to the transverse (TA) and longitudinal (LA) acoustic phonon bands of water or alternatively the hydrogen-bond bend and stretch modes. 9 The lowest frequency band, peaking at 250 GHz at room temperature and falling off smoothly to zero below 50 GHz, derives its intensity from collision-induced effects and is caused by translational rattling and diffusion. It is this translational band that will be the main reporter in this study. 18 In liquids, one would normally expect to observe a band at a lower frequency due to orientational diffusion. However, because the molecular polarizability tensor of water is very nearly isotropic, 21 this band is not seen in the anisotropic Raman spectrum of water.
Trimethylamine N-oxide. The first solute molecule to be investigated is trimethylamine N-oxide (TMAO, see the SI), which is amphiphilic and has been widely studied using Raman spectroscopy, 22, 23 THz-TDS, 24 dielectric spectroscopy, 25 and time-domain IR spectroscopy. 26−28 TMAO is readily soluble in water. In our experiments, on increasing the concentration of TMAO in water, the OKE spectrum develops a new band in the 1−100 GHz region, while the spectrum remains largely unaltered in the terahertz frequency range. The raw OKE spectrum of a 1 M TMAO solution is shown in Figure 1a . Clearly, a major component of the solution spectrum is the spectrum of unaltered bulk water with additional amplitude in the gigahertz range (significantly larger than the estimated experimental error in this range).
In previous work, 22,23 the gigahertz-frequency band was assigned to orientational diffusion of the TMAO molecule in its aqueous environment. Here we will show that this cannot be the case. The OKE (or reduced depolarized Raman) spectra of all anisotropically polarizable molecular liquids have the same generic form: 15, 29, 30 a low-frequency orientational-diffusion band (α relaxation) below ∼100 GHz (dependent on temperature and viscosity), intermediate-frequency modes due to translational motions (β relaxation), and one or more librational bands in the low terahertz frequency range. The orientational-diffusion band and librational band are always of the same magnitude as both are determined by the molecular anisotropic polarizability tensor.
Thus if the additional amplitude in the gigahertz range is caused by the orientational diffusion of TMAO, then one must also observe an equally strong contribution from TMAO librations in the terahertz range. As can be seen in Figure 1 , the terahertz spectrum is essentially unaltered in shape, ruling out a new contribution from TMAO librations.
To confirm this, the OKE spectrum of TMAO in formamide was collected (see Figure 2) . Again, no changes (except for amplitude) are observed in the terahertz frequency part of the spectrum, where one would expect the librational band of TMAO to be present. Formamide has two librational bands at 3.3 and 5.7 THz, 31 which are essentially unchanged in the TMAO solution. Changes seen in the gigahertz part of the spectrum are solely due to a shift of the orientational-diffusion band of formamide to lower frequencies, while the orientational-diffusion band of TMAO, which is expected to peak at 1.7 GHz (see the SI), is absent in the spectrum (but might be more difficult to detect due to congestion). The amplitude of the entire formamide spectrum is reduced, as expected, due to reduction of the formamide concentration on adding TMAO.
An OKE spectrum taken in molten TMAO dihydrate (8.8 M, 130°C; see the SI) shows a shape characteristic of very high concentration aqueous solutions, 32, 33 with the 4.5 THz LA band strongly reduced leaving only the 1.1 THz TA band and the lower frequency translational band of "bulk" water. This measurement provides an upper estimate of the contribution of TMAO to the 1 M spectrum in Figure 1a of 0.05.
Thus the experimental data demonstrate that TMAO does not give rise to a detectable OKE signal and that all spectral changes are solely caused by the modification of the water dynamics induced by the presence of TMAO. A DFT calculation with a B3LYP/6-311++G(2df,p) level of theory with a continuum dielectric model for water was carried out to calculate the molecular polarizability tensor of TMAO (see the SI). This confirms that the anisotropic part is very small, consistent with the experimental results. 
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Letter A TMAO in water orientational-diffusion band (if it were present) would be expected to follow a Debye function with a peak at 5.4 GHz based on a Stokes−Einstein−Debye calculation or 8.0 GHz based on a measurement using dielectric relaxation spectroscopy. 26 Instead, it is found that the new band is exceedingly broad (from ∼1 to ∼100 GHz) even at low concentrations where a large degree of inhomogeneity is not expected. Thus this result is also inconsistent with an assignment as an orientational-diffusion band, as previously reported. 22 Finally, one may consider the possibility that water molecules are strongly attached to TMAO in the first solvation shell and "ride" along with the reorientations of the solute while giving rise to an OKE signal. In that case, the effective hydrodynamic radius of the solute would increase. In the extreme case of a full water hydration shell riding along, the orientational diffusion band is expected to peak at 470 MHz (see the SI). Even a partial shell of water molecules riding along would give rise to a significant slowdown of the orientational dynamics and therefore cannot be a significant cause of additional intensity in the OKE spectrum in the 1−100 GHz range.
Thus it is confirmed that the aqueous TMAO solution spectrum has significant contributions only from bulk water and solvation water. The bulk-water contribution is estimated by fitting the data to a function representing the entire bulk-water spectrum, 3 with only the amplitude as a free fit parameter. The solvation-water component is modeled using two Gaussian functions (see eq S4) representing the TA and LA phonon bands altered by the solute and two Cole−Cole functions (see eq S2) representing the altered interaction-induced translational band. The solvation-water spectrum can then be extracted by taking this fit and setting the amplitude of the bulk-water component to zero (see Figure 3) .
A concentration-dependent study was carried out in aqueous TMAO solutions at 1, 2, and 4 M and saturation (∼5.2 M) at room temperature (see Figure 1) . Details of the fit parameters of the OKE spectra of all concentrations are provided in Tables  S1−S4 . At all concentrations, the solvation water LA and TA phonon bands are slightly blue-shifted compared with the bulk. The altered translational diffusion band in the gigahertz region increases in amplitude in proportion to the TMAO concentration. The two Cole−Cole bands clearly visible in Figure 1 represent populations of slow and super-slow water. Figure 3 shows the solvation-water OKE spectra as a function of TMAO concentration as well as the bulk water spectrum at 25°C. It can be seen that as the TMAO concentration increases, the low-frequency part of the spectrum shows a shift toward the lower frequency side. The ratio of the amplitudes of the translational diffusion of water and the phonon modes is very nearly constant until it increases at 4 M and dramatically so at 5.2 M. The inset of Figure 3 shows a plot of the amplitude of each Cole−Cole function representing slow and super-slow water content as a function of TMAO concentration. As the concentration of TMAO increases, the two water components respond differently; the super-slow component shows a steady increase, whereas the slow component saturates above ∼1 M.
Polyhydroxylated Fullerene. Further experiments were carried out using other solutes in aqueous solution (see Figure 4) to check the generality of the effect. Buckminsterfullerene has icosahedral symmetry and is therefore expected not to give rise to an OKE signal in the low-frequency range. However, it is insoluble in water. Therefore, water-soluble polyhydroxylated fullerene (PHF), was used, which has a radius of 0.5 nm in water 34 while closely maintaining the high symmetry of buckminsterfullerene. Experiments were carried out on aqueous PHF solutions of 50 mg/mL (the approximate room- 
Letter temperature solubility limit), resulting in a clear light-yellow solution.
As can be seen in Figure 4a , the OKE spectrum of aqueous PHF solution is very similar to that of TMAO with contributions from bulk and solvation water. Again, a solvation-water band due to slowed translational motions is seen, which can be fitted confidently with a single Cole−Cole function (see eq S2 in the Methods in the SI) peaking at 40 GHz with α = 0.668, indicating a very wide range of translational diffusion time scales.
To confirm that buckminsterfullerene does not contribute to the OKE spectrum in the gigahertz range, a measurement was carried out on a solution of PHF in methanol (see the SI). As in TMAO in formamide, no buckminsterfullerene librational or vibrational bands are seen in the 1−5 THz range, nor is there a diffusional band peaking at 40 GHz. On the low-frequency end of the spectrum (<40 GHz), one observes the tail of a band that is likely to be from slowed down methanol in the solvation shell of PHF.
Type II DHQ. Previous studies on the protein lysozyme using Raman, OKE, and neutron scattering 13, 35 have shown that the translational diffusion of water molecules in the solvation layer gives rise to broad band peaking at ∼20 GHz. However, in lysozyme, this band is obscured by the tail of the protein orientational-diffusion band. Lysozyme is a relatively small protein (hydrodynamic radius 1.9 nm), causing the orientational diffusion to be relatively fast (peaking at ∼25.5 MHz) and therefore overlapping with the solvation-water band. 13 To be able to observe the solvation-water band unobscured, one simply needs to select a much bigger protein in which the orientational-diffusion band is shifted to much lower frequency. Hence, we selected the dodecamer protein type II dehydroquinase (DHQ) with a molecular weight of 200 kDa. 36 This protein is roughly spherical in shape with a hydrodynamic radius of ∼5 nm. The orientational diffusion of this protein in water peaks at ∼1 MHz (see the SI). Figure 4b shows the OKE spectrum of ∼150 mg/mL DHQ. Unlike TMAO and PHF, proteins such as DHQ will contribute to the terahertz OKE spectrum, which makes it more difficult to disentangle the contributions from the protein, bulk water, and solvation water in this range. Here we find that the data can be fitted using a bulk-water spectrum with an additional Brownian band peaking at 3 THz and two Cole−Cole functions in the gigahertz range. The 3 THz band is different from that previously observed in lysozyme 13 and most likely represents a combination of changes in the LA and TA phonon bands of solvation water and delocalized phonon bands of the protein.
The gigahertz part of the spectrum again represents slowed translational motions in the solvation shell of DHQ possibly contaminated by structural relaxation and localized secondary relaxations of the protein. 35, 37 This broad feature is fitted with two Cole−Cole functions, which represent slow and super-slow distributions, as in the case of TMAO.
Poly(N-isopropylacrylamide). Proteins at desired concentrations for our experiments cannot typically be dissolved in solvents other than water. Therefore, it was decided to investigate poly(N-isopropylacrylamide) (PNIPAm), which is 
Letter a thermosensitive water-soluble polymer that has many similarities to (unfolded) proteins taking on a random-coil conformation below 32°C, resulting in a clear colorless solution.
The OKE spectrum of an aqueous solution of PNIPAm (Figure 4c ) is again very similar, consisting of a large bulk-water component and slowed translational solvent−water contributions in the gigahertz range that can be fitted with two Cole− Cole functions. In the terahertz region, two modes at 1.5 and 3.1 THz are observed that fit well to antisymmetrized Gaussian functions, suggesting that these are shifted LA and TA phonon bands of solvation water.
Experiments were carried out on PNIPAm dissolved in methanol, ethanol, and 1-propanol (Figure 4d ; see also the SI for comparisons with solvent spectra). Changing the solvent introduces many subtle changes in the terahertz frequency region, which are attributed to changes in terahertz frequency solvent modes as well as a component from PNIPAm itself. The orientational-diffusion band of PNIPAm is expected to be at very low frequencies due to the random-coil fold of the polymer. The experiments show considerable changes between water and the alcohols as solvents in the gigahertz range, ruling out an origin of these signals in side-chain motion, structural relaxation, or beta relaxations of the solute.
We have shown that TMAO and PHF do not contribute to the OKE (depolarized Raman) spectra, and this has allowed us to study solvation water directly without obstruction by the solutes. The protein DHQ is very large, and its orientationaldiffusion band is expected to peak at ∼1 MHz; therefore, one can exclude any protein orientational-diffusion contribution in the gigahertz range, while neutron scattering studies 35 have demonstrated that the gigahertz band originates in water. Similarly, PNIPAm solutions at the concentrations used are a gel, pushing the orientational diffusion band toward zero frequency, while experiments with different solvents rule out that the gigahertz band is caused by the motion of the polymer itself. Unfortunately, in the case of both DHQ and PNIPAm, the solutes make significant contributions to the terahertz part of the OKE spectrum.
Thus, in these widely different samples, we can isolate the OKE spectrum of solvated water. It is found that in all cases the LA and TA phonon bands are only mildly perturbed, while the solvation-water translational band is shifted to lower frequencies. The slowed down solvation-water band can be fitted to one or two Cole−Cole functions. For all cases, the super-slow component has a relatively low value of α (∼0.6) compared with the slow component and therefore a wider frequency distribution. The slow component has a value of α comparable to the value (0.96) of the translational diffusion of bulk water. 3 In the case of TMAO, as the concentration increases, the super-slow component takes the upper hand. In the saturated solution, only a wide super-slow component was observed. The structure of the water network in the solvation shell appears to become disrupted in the higher concentration TMAO solutions, as indicated by the decreasing amplitude of the high-frequency LA phonon mode of water and the increased ratio of the amplitude of the translational diffusion band and the phonon bands (see Figure 3) .
At higher concentrations, the solvation shell of each solute may be shared by nearby solutes, further slowing down the dynamics (see the SI). Previous experiments with salt solutions have shown that the translational diffusion of water molecules is slowed down, eventually leading to a complete arrest at a critical concentration. 18 In the examples studied here, however, the slowdown is very significant, even at relatively low concentrations ranging from a factor of ∼4 for the slow band to a factor of 27 to 48 for the superslow band (see Table 1 ). The translational-relaxation time constant for the superslow band (averaged over all five measured concentrations) is 37 ± 14 ps, which is slower than the predicted (29 ps) and measured (20 ps) orientational relaxation time of TMAO in water. This suggests that the superslow band is associated with water molecules in a solvation shell that is shared by two or more solutes. 38 Because the translational dynamics are slowed down by factors of 4 and more, the implication is that water molecules remain in the solvation shell of the solute for longer. Thus some of the orientational diffusion dynamics of the solutes might be reflected in the dynamics of the water molecules in the solvation shell. This may well explain the lower value of α in the Cole−Cole function describing the superslow component. The only way to disentangle these translational and orientational contributions is through molecular-dynamics simulations. Because the molecular polarizability tensor of water is very nearly isotropic, 21 the low-frequency OKE (and Raman) spectrum of water is entirely caused by collision-induced effects. Thus such simulations will have to incorporate collisioninduced effects on the polarizability tensors of both solute and water.
The water jump model proposed by Laage and Hynes considers the water orientational diffusion as a result of the large amplitude angular jumps when the OH groups exchange H-bond acceptors. 1, 39 The topology of the solute molecule plays a role here, as it restricts the degrees of freedom for the water molecules in the first solvation shell. For an infinite planar solute surface, this slows down the orientational dynamics by a factor of 2, for low concentrations of the solute. Thus the slowdown factors of ∼4 observed here in the slow band are at odds with this model as well as previous measurements using other techniques on proteins and small solutes. 1, 26 They are consistent with recent observation of very slow and extremely inhomogeneous water translational dynamics in the solvation shell of DNA. 3 In conclusion, slowed down water translational dynamics are observed in the solvation shell of different solutes. Previously unobserved, the distribution of the slowdown of dynamics is made visible by measuring the low-frequency spectrum of solvated water, for the first time, using solutes that do not contribute to the spectrum. 
